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Abstract
One possible fate of information lost to black holes is its preservation in black hole
remnants. It is argued that a type of effective field theory describes such remnants (gener-
ically referred to as informons). The general structure of such a theory is investigated and
the infinite pair production problem is revisited. A toy model for remnants clarifies some
of the basic issues; in particular, infinite remnant production is not suppressed simply by
the large internal volumes as proposed in cornucopion scenarios. Criteria for avoiding in-
finite production are stated in terms of couplings in the effective theory. Such instabilities
remain a problem barring what would be described in that theory as a strong coupling
conspiracy. The relation to euclidean calculations of cornucopion production is sketched,
and potential flaws in that analysis are outlined. However, it is quite plausible that pair
production of ordinary black holes (e.g. Reissner No¨rdstrom or others) is suppressed due
to strong effective couplings. It also remains an open possibility that a microscopic dy-
namics can be found yielding an appropriate strongly coupled effective theory of neutral
informons without infinite pair production.
† Email addresses: giddings@denali.physics.ucsb.edu, steve@voodoo.bitnet.
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1. Introduction
The physics of black holes has spawned a serious clash between the basic principles of
general relativity and quantum mechanics. The problem is illustrated by considering the
evolution of a system of mass M undergoing gravitational collapse to a black hole. In the
far past one can take the gravitational interactions to be weak and the system to be in
a pure quantum state. The system then collapses to form a horizon, and begins to emit
Hawking radiation [1]. This radiation is approximately thermal. If we imagine that the
black hole completely evaporates the resulting Hawking radiation is apparently described
by a mixed state. One then concludes that in the context of black-hole formation and
evaporation, pure states evolve into mixed states: unitary quantum mechanical evolution
fails and an amount of quantum information ∝ M 2/m2pl (where mpl is the Planck mass)
is lost.
Following this logic, Hawking [2] proposed that the laws of physics are fundamentally
nonunitary, and are described by an operator /S that linearly maps density matrices to
density matrices. However, this proposal suffers several flaws. First, non-unitarity is
distasteful and should be contemplated only as a last resort. Second, and more concretely,
after careful examination of such evolution, Banks, Peskin, and Susskind [3], and Srednicki
[4] have argued that failure of unitarity indicates failure of energy conservation at the same
level. This would have dire consequences.
We are therefore confronted with the puzzle of explaining the fate of information that
falls into a black hole.1 One obvious possibility is that it escapes in the evaporation process;
in fact, Hawking’s calculation is valid only to the extent that one neglects the backreaction
of the radiation and other quantum effects. However, recent investigation of the analogous
problem for two-dimensional black holes [9-18,7,8] has allowed greater analytical control.
This analysis seems to indicate that information can escape in Hawking radiation only as a
result of introduction of drastically new physics; in particular violation of the equivalence
principle at low energy/weak curvature seems to be required.
A different possibility is that the information is emitted once the black hole reaches the
Planck size, where the preceding analysis is no longer trustworthy. This would, however,
require emission of an unboundedly large amount of information (corresponding to the
possibility of an arbitrarily large initial black hole) in the remaining energy E ∼ mpl.
That must take a long time [2,19,5,6], implying a long-lived black-hole remnant.
1 For recent reviews of the information problem see, e.g., [5-8].
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Such remnants must be of Planck size and have an infinite number of states to allow
them an unbounded information content; since this is their primary characteristic (and to
distinguish them from larger remnants) they will be generically referred to as informons.
They have long been postulated in the abstract [2,19] as one solution to the information
problem, but suffer a potentially serious flaw: despite the nearly infinitesimal probability
for producing any given informon in ordinary physical processes, their infinite degeneracy
would seem to imply an infinite inclusive production rate.
A more concrete realization of such objects in the context of charged black holes has
arisen in recent works; one informon candidate is the extremal charged dilatonic black
hole of [20,21]. At the extremal value of the mass (determined by the charge) the spatial
geometry of the solution is that of an infinitely-long throat attached to an asymptotically
flat region. A natural conjecture is that the infinite number of states could correspond to
excitations of the infinite throat. This possibility was investigated in the two-dimensional
reduction of this theory to excitations moving along the throat in [9]. The connection to
the full four-dimensional theory was later elaborated in [12,22]; the name cornucopions
was coined for such objects in [12].
In addition to the generic problem of infinite pair production (to which we will return
momentarily), the specific cornucopion proposal has two other potentially serious flaws.
First, the basic scenario has suffered difficulties due to semiclassical singularities [11,12].
One may however take the attitude that a better understanding of physics in strong cou-
pling could remedy this. Another problem is that cornucopions seem to require a charge
to stabilize the throat, so oppositely charged cornucopions could annihilate, resulting in
loss of their information. To avoid this a rationale for long-lived neutral remnants must
be found.
One attractive rationale is the hypothesis that the underlying quantum theory of grav-
ity places a bound on information content within a given volume, roughly corresponding
to one state per Planck volume. Although it is a challenge to find a dynamical imple-
mentation of this proposal, it is a plausible feature of a quantum theory of gravity and in
particular is hinted at in the properties of string theory. In [5] this assumption was argued
to imply either the formation of massive remnants or of Planck size remnants with large
internal volume.2 The former would seem to require new physics at weak curvatures and
runs afoul of causality. If the latter can be made physically acceptable it is thus preferable.
2 A crude model of the dynamics of possibly similar objects was studied previously in [23].
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Therefore it is plausible that the problems specific to cornucopions or other related
objects could be resolved with an improved understanding of gravity near the Planck scale.
That leaves the problem of infinite pair production of informons.
Recent suggestions in this direction have been made by Banks, O’loughlin, and Stro-
minger [24,25]. They argue that the infinite near-degeneracy of the cornucopions implies
that one must be careful in treating them by low-energy effective field theory, casting
suspicion on calculations of production rates. In particular [24] gives heuristic argu-
ments for suppression of cornucopion production due to their large volumes; the infi-
nite number of cornucopion states are very far away in the internal space and thus can-
not be excited in a finite time by internal causality. Ref. [25] furthermore reconsiders
Schwinger/Aﬄeck/Manton [26,27] pair production in an electromagnetic field. An approx-
imate instanton is found for the cornucopion version of this process.3 In the corresponding
euclidean geometry a horizon forms as a result of the interaction energy required to ac-
celerate the throat. The throat is thus cut off at finite distance and the euclidean action
is finite. Ref. [25] advocates that the finite answer results from the failure of the infinite
number of states “behind the horizon” to contribute to the calculation.
There is an objection to these arguments. If there are an infinite number of “ground
states” of the cornucopion, then there should be an infinite number of excited black-hole
states that result from adding the interaction energy. It is not clear why this infinite
degeneracy shouldn’t be included in the calculation; instead the calculation appears to
include a factor roughly equal to the Hawking-Bekenstein entropy of the resulting excited
black hole. To resolve these issues a more thorough analysis is required. In particular one
would like to relate the calculation in [25] to standard derivations of pair production.
Such a relation arises through an effective field theory for informons. Indeed, infor-
mons appear as point-like particles to an external observer. Furthermore in general one’s
analysis must be carried out in the absence of a detailed knowledge of Planck scale physics.
It then seems reasonable to adopt the pragmatic principle that anything plausible can hap-
pen at the Planck scale, and thus to characterize informon physics only in general terms.
In particular, we do not know that informons have large volume interiors. They must,
however, have an infinite spectrum below an energy of order mpl to solve the information
problem. Therefore it is useful to introduce an effective field theory which includes the
3 This is similar to the instanton for pair production of Reissner-Nordstrom black holes dis-
cussed in [28].
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possibility of infinite informon degeneracy and in which pair creation and other issues can
be investigated. A particular case of such a theory is that arising from cornucopions.
In outline, this paper will first describe such an effective theory and its coupling to
external fields. Next in section three a toy model for informons will be constructed, and
heuristic arguments based on the large internal volume in this model will be offered that
infinite production does not occur. These arguments are false, as the more careful analysis
of section four shows. This section also states in specific terms the infinite production
problem. The following section investigates the possibility that finite lifetimes for remnants
could change the infinite production rate. Section six makes a comparison with the finite
calculations for pair production of excited cornucopions, as appeared in [25], and a possible
source of discrepancy is traced. Also discussed is pair production of ordinary black holes: if
black holes do not lose information and thus have infinitely many internal states, one may
worry that they are infinitely produced. Conclusions and speculations appear in section
seven.
2. Effective theories for informons
Suppose we assume that information is not emitted nor new physics encountered
during Hawking evaporation before the mass and radius of the black hole reach the Planck
scale, and also that information is not destroyed. Black holes then must leave remnants
with mass comparable to mpl and radius of order lpl. These must have an infinite number
of “internal states” to allow them to store the information from an arbitrarily large initial
black hole. These informon states are written
|k,A〉 (2.1)
where k is the momentum and A labels the states in the Hilbert space corresponding
to a single informon. Standard field theory arguments based on causality and Lorentz
invariance at distances  lpl then imply that antiremnant states must also exist, and that





























We also must describe interactions with other fields. For simplicity first consider






IA(x)〈A|O˜(x, y; z)|B〉IB(y)φ(z) (2.4)
where O˜(x, y; z) is an operator acting on the informon Hilbert space as well as on the
coordinates x, y, z. The Planck size of the informon implies that the interaction is local on
larger scales, so
O˜(x, y; z) = O(x)δ(x− y)δ(x− z) (2.5)













IA(k + q)IB(k)〈A|O(k2, q2, k · q)|B〉 . (2.7)
Eq. (2.7) may be extended to higher-order interactions. In general the informon interacts
with its surroundings through a sum of such terms.
The generalizations for couplings to gravity or electromagnetism are straightforward.






[I∗A(x)〈A|J µ|B〉IB(x) + h.c.] (2.8)
where J µ is an operator that must reduce to the standard electromagnetic current at
zero momentum transfer. This may be supplemented by higher order couplings, both as
4 For simplicity we take the informons to be scalar, although the labels A could equally well
include spin. The following discussion would then generalize.
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required by gauge invariance and otherwise. The general such action for informons of

















where Ôi[Aµ], Oi are local operators acting on the electromagnetic field or internal Hilbert
space, respectively. (Oi may also include derivatives acting on informon fields, as indi-







IA(x)〈A|T µν |B〉IB(x) (2.10)
where again T µν should reduce to the standard stress tensor at zero momentum transfer;




















It is worth emphasizing the extent to which such theories are effective field theories
in the conventional sense. First, since informons resulting from evaporation of a neutral
black hole should have size ∼ lpl they have excitations with planckian frequencies and
wavenumbers. These modes are integrated out in writing the effective field theory. How-
ever, informons also have an infinite number of low frequency internal modes. These states
are not integrated out but instead are explicitly accounted for.
One might object that at least for cornucopions or other similar scenarios where the
large number of modes arise due to a large internal volume it is awkward to describe the
internal states in this fashion. In that case one has a clear interpretation of the states in
terms of modes propagating on the throat, and no other description seems necessary. How-
ever, there are two separate reasons to describe the internal states in this general fashion.
First, for cornucopions infalling states eventually form black holes, and then the interpre-
tation of the resulting system in terms of quantum states becomes fogged. Although the
precise description of the quantum states is not known, it is nonetheless important to make
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explicit the assumption that there is some spectrum of quantum states being excited. This
is in contrast to information loss. Secondly, and more importantly, although it is true that
there is a semiclassical description (of limited validity) and thus a partial picture of the
states for large cornucopions, we can hardly expect this to be true for Planck sized infor-
mons. Even if they have large volume interiors connected through Planck scale throats this
is impossible for a long distance observer to explore directly without squeezing through
the Planck scale throat. More generally one may expect a rather complicated planckian
dynamics that does not correspond to large volume but may nonetheless (or may not) have
some similar features encoded in the spectrum and interactions. In any case, we make the
fundamental assumption that whatever the dynamics of quantum gravity is, it falls into
the framework of unitary evolution of quantum states so that information is preserved.
In the absence of an understanding of quantum gravity we must therefore adopt rather
modest goals. These are to find whether there is any possible spectrum of informon states
and any possible set of interactions of these states with external fields that allows a solution
of the black hole information problem. Without understanding the microscopic dynamics,
the best one can do is formulate this question within the framework of an effective theory
for informons such has been described.
3. A toy model and a false argument
One can readily construct toy models for the internal Hilbert space of an informon that
serve as examples of the above general framework. In particular, the perceived benefits of
having an infinite volume informon may be implemented by choosing a spectrum and set
of interactions of the appropriate form. It is irrelevant to the outside observer whether the
internal space is “real.”
A particularly simple model arises by taking the internal Hilbert space to be the Fock





where σ, τ are internal spacetime coordinates, and some boundary conditions, e.g. Neu-
mann, are specified at σ = 0. The states of the informon are labeled by the occupation
numbers of the f eigenmodes,
IA ↔ |A〉 = |{nκ}〉 =
∏
k
(
f†κ
)nκ
√
nκ!
|0〉 (3.2)
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